Objective: to compare the activities of antioxidative enzymes in erythrocytes between centenarians and a younger group of elderly subjects. Design: cross-sectional study. Setting: county of Funen, Denmark. Subjects: 41 centenarians aged between 100 and 105 years and 52 community control subjects aged between 60 and 79 years. Measurements: enzyme activities of superoxide dismutase (CuZn-SOD), glutathione peroxidase, catalase and glutathione reductase (GR) in erythrocytes. Functional capacity among the centenarians was evaluated by Katz' index of activities of daily living, the Physical Performance Test and Mini-Mental State Examination. Results: the mean CuZn-SOD activity was significantly lower and the mean GR activity was significantly higher in centenarians than in the group of elderly people. The centenarians with the lowest cognitive and physical functional capacity and who did not survive at least 1 year after blood sampling tended to have the lowest CuZn-SOD activities. The range of GR activity was shifted toward higher values in the centenarian group than in the younger group and those centenarians having the best functional capacity tended to have the highest GR activity. Conclusions: CuZn-SOD activity is decreased in centenarians, probably because of reduced demand for the enzyme at lower metabolic rate and oxygen consumption. Subjects with high GR activity occur more frequently among centenarians than expected, possibly due to their better survival. The role of GR in disease prevention and as a predictor for longevity deserves to be further explored.
Introduction
Oxidative damage of biological molecules induced by reactive oxygen species may be involved in the pathogenesis of various diseases for which the incidences increase with age, such as cancer, atherosclerosis, cataract and certain neurological diseases (for reviews, see [1-3D- Centenarians apparently escape, at least temporarily, from major age-related life-threatening diseases. They constitute a highly selected group who have survived much longer than the average life-span. According to the free-radical theory of ageing first proposed by Harman [4] , it could be hypothesized that the antioxidant defence system of centenarians is superior to or more slowly impaired than among the nonsurviving members of their birth cohorts.
The antioxidative defence system is complex and the capacity is determined by a dynamic interaction between the individual components which include vitamins A, E and C and reduced glutathione (GSH) and several antioxidative enzymes. The most important enzymatic antioxidants are superoxide dismutase (CuZn-SOD), catalase and GSH peroxidase. GSH peroxidase uses GSH as hydrogen donor whereby GSH is oxidized to glutathione disulphide. The regeneration of GSH from glutathione disulphide is catalysed by the enzyme GSH reductase (GR).
If the antioxidative defence system contributes to a higher resistance against life-threatening diseases, the activities of antioxidative enzymes seen in the centenarians may be associated with their selection as survivors [5] . Hence, the mean values of antioxidative enzyme activities would reflect a better capacity for regulation and the within-group variation would be decreased among centenarians as compared to younger age groups.
However, centenarians may also differ from younger age groups in their lower basal metabolic rate and lesser energy intake, including dietary intakes of essential nutrients. These factors may affect the antioxidative defence in centenarians. To our knowledge, the levels of antioxidative enzymes have not been previously investigated among centenarians.
Materials and methods

Subjects
Comprising 41 (29 women and 12 men) out of a total population of 58 centenarians in the county of Funen aged between 100 and 105 years (born on or before 1 May 1894), the centenarian group was part of a study population of 51 centenarians participating in a descriptive study of morbidity and functional capacity in those aged 100 years or more [6] . Of these 51 centenarians, four individuals died before blood sampling and six refused blood sampling. Approximately 60% were living in nursing homes. The functional capacity of the centenarians was evaluated by Danish translations of Katz' index of activities of daily living (ADL) [7] , the Physical Performance Test [8] and the Mini-Mental State Examination (MMSE) [9] .
The elderly group comprised 52 subjects (24 women and 28 men) aged between 60 and 79 years, part of a reference population of 220 individuals aged between 20 and 89 years established in the county of Funen to obtain reference intervals of selected biomarkers [10] .
The study followed the guidelines of the Second Helsinki Declaration and was approved by the regional ethical review committee.
Blood samples
Venous blood samples were collected into Venoject tubes (VT-100 TK, Terumo) coated with EDTA (0.47 M K 3 -EDTA) between 1000 h and 1800h and placed on ice until further preparation. Within 4 h the blood was centrifuged at lOOOg for lOmin. The erythrocytes were isolated and frozen at -80°C in 400/*1 aliquots immediately (centenarians) or washed three times in cold 0.9% NaCl solution and haemolysed by adding the same weight of ice-cold demineralized ultrapure water to yield a 50% haemolysate. The haemolysates were frozen in 400 ftl aliquots at -80°C (elderly group).
Analytical methods
At the day of analysis the erythrocyte samples were thawed and diluted 10:1 (centenarians) or 5:1 (elderly) (v/v) in distilled water and 2:1 (v/v) in phosphate buffer with dithiotreitol (100 mM KH 2 PO 4 , lmM EDTA, 2mM dithiotreitol, pH 7.4) to a final dilution of 1:20 in all samples. These 1:20 haemolysates were used for all analyses. Protein concentrations and all enzyme activities were determined as previously described [10] .
Since erythrocytes isolated from the centenarians, due to practical constraints, were not washed in saline before freezing, and therefore differed from erythrocytes obtained from the elderly subjects, the effect of the washing procedure on enzyme activities and protein measurements was evaluated. Repeated blood samples from three healthy volunteers were used to prepare split samples, only differing by being frozen immediately after sampling or washed three times in ice-cold saline before freezing. The concentrations of protein were higher in unwashed than washed 1:20 haemolysates. The enzyme activities were also slightly higher and therefore the specific enzyme activities expressed as U/g protein did not differ significantly between washed and unwashed erythrocytes. The two different sample preparation techniques were therefore fully comparable.
Statistical analysis
Goodness-of-fit to a normal distribution was confirmed by probit plots and the Iilliefors test. Catalase and GSH peroxidase showed normal distribution. For CuZn-SOD and GR a logarithmic transformation was used to approach normality and in all further statistical analysis log-transformed data of these two enzymes were used. Differences in mean enzyme activities between the two age groups were analysed by the independentsamples t-tcst.
Results
The mean CuZn-SOD activity was significantly lower (Table 1 ) and the mean activity of GR was significantly higher in centenarians than in the group of elderly subjects. No difference in mean GSH peroxidase or catalase activities in erythrocytes was observed between the centenarians and the elderly age group. GSH peroxidase activity was slightly higher, although not significant at the 0.05 level, in women than in men (data not shown). No differences in enzyme activities between women and men were seen in any of the other enzymes. The activities of CuZn-SOD and GR were associated with both physical and cognitive functional capacity examined by Katz' ADL, Physical Performance Test and MMSE in the centenarians (Table 2) . Those achieving the highest index in Katz' ADL and the highest scores in PPT and MMSE tended to have higher activities of both enzymes, although the difference was statistically significant only at the 0.05 level for MMSE.
Discussion
The increase -with age in markers of oxidative cell damage may be due to increased production of reactive oxygen species, impairment of the antioxidative defence system or reduced capacity to repair oxidatively modified molecules [11] [12] [13] . La most studies of age-related variations of antioxidative enzymes in humans, the activities of CuZn-SOD and GSH peroxidase in erythrocytes decrease with age (Table 3 [ [12] [13] [14] [15] [16] [17] [18] [19] [20] ). Variations in catalase and GR activities in relation CuZn-SOD, superoxide dismutase; GR, glutathione reductase; GSH-Px, glutathione peroxJdase; n, number of subjects in the age group *NI, not investigated; ~, similar; f or \: reported by the authors as a significant (or non-significant) increase or decrease.
to age have not been investigated in detail, and most studies include only few or no subjects above 80 years of age.
In the present study, the activity of CuZn-SOD was decreased in centenarians compared to the individuals below 80 years of age (Table 1 ). The group of elderly subjects was a part of a larger Danish reference group aged between 20 and 89 years. Within this group an age-related decrease in CuZn-SOD activity in erythrocytes was observed [10] . Perrin et al [17] and Guemouri et al [18] also found slightly decreased CuZn-SOD activities in erythrocytes and plasma from individuals aged above 65 years compared to younger subjects. However, in two other studies, including individuals above 80 years of age, CuZn-SOD was apparently not reduced with age [11, 19] . In the study of Berr et al [19] mean CuZn-SOD activity differed between age groups but no consistent reduction with increasing age was seen.
Several factors could be involved in the age-related decrease in CuZn-SOD activity. CuZn-SOD activity has been reported to be elevated in erythrocytes or brain tissue from individuals with certain neurological diseases, such as Alzheimer's disease [21] or Parkinson's disease [2] . The gene coding for CuZn-SOD is located on chromosome 21. Trisomy of this chromosome causes the phenotypic expression of Down's syndrome, and an associated increase in CuZn-SOD due to gene dosage has been demonstrated [22] . Therefore the low activity of CuZn-SOD activity in centenarians could be suspected to be explained by selection. However, if this was the case, a lower within-group variation would be expected in the centenarians compared to other age groups, which was not found in this study. The coefficient of variation was 18.6% in the centenarians and 17.1 % in the other age group. In addition, the most healthy centenarians estimated by the highest functional capacity would be expected to have the lowest CuZn-SOD activity. However, in this study the opposite relation was found between the functional capacity and CuZn-SOD activity.
Thus, a more plausible explanation is that the lower activity of CuZn-SOD in centenarians is the result of reduced demand for CuZn-SOD due to lower metabolic rate and reduced oxygen consumption as a result of decreased dietary caloric intake and less physical activity. Hence, those centenarians who are most active also have the highest CuZn-SOD activity.
Few studies on antioxidative enzymes have included GR measurements. In a study by Rodriguez-Martinez et al. [13] the activities of GR, glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase in erythrocytes were increased with age in a biphasic manner, reaching the lowest values at 40-50 years of age and rising markedly at higher age.
Within a Danish reference group aged between 20 and 89 years, GR activity in erythrocytes decreased slightly with age [10] . Hence, a high GR activity in centenarians, especially in those having the highest functional capacity, is unlikely to be a simple result of the ageing process. The catalytic function of GR is to regenerate reduced GSH from the oxidized form. Our results are in accordance with two studies in which the concentration of GSH was positively associated to good physical health in elderly subjects [23, 24] . Lang et al [24] demonstrated that low levels of GSH were less frequently found in blood samples from subjects above 80 years of age than among subjects between 60 and 79 of age. Although the variation between individuals for GR activity was similar in centenarians (14.4%) and the comparison age group (135%), the range of GR activity in centenarians was markedly shifted towards higher activities (Table 1 ) and the most healthy centenarians, reflected by the highest functional capacity, had the highest GR activity.
This indicates that the high GR activity in centenarians could be due to selective survival. However, the selection is not necessarily a direct effect of the GR enzyme but might be caused by other factors involved in the regulation of the enzyme expression or linked to the GR gene. To study this item further, age-dependent variations of more factors involved in the regulation of GSH and GSH-related enzymes should be investigated.
In conclusion, this study demonstrates a lower mean activity of CuZn-SOD and a higher mean activity of GR in erythrocytes among centenarians than among a group of elderly people aged between 60 and 79 years. The latter enzyme seems related to selective survival of centenarians .To further investigate whether the deviation in enzyme activities observed among centenarians plays a role in longevity, prospective studies of antioxidative enzyme activities in older people are required.
Key points
• Although glutathione reductase (GR) activity has been demonstrated to decrease with age, centenarians had higher mean GR activity than a group of elderly people aged between 60 and 79 years.
• Centenarians with the best functional capacity had the highest GR activity and this enzyme may be related to the selective survival of centenarians.
• The CuZn superoxide dismutase activity is lower in centenarians than in younger individuals, probably because of reduced demand for the enzyme due to lower metabolic rate and oxygen consumption in very old individuals.
